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Edited by Vladimir SkulachevAbstract Peroxisome proliferator-activated receptor c coacti-
vator-1a ( PGC-1a), a transcriptional coactivator, plays a role
in mitochondrial biogenesis, muscle ﬁber specialization, and
adaptive thermogenesis. Because of an absence of brown adipose
tissue, the skeletal muscle tissue in chickens serves as an impor-
tant source of thermogenesis to counter the cold. The present
experiments were conducted (i) to clone the cDNA of PGC-1a
homologs from chicken skeletal muscle and to examine altera-
tions to PGC-1a mRNA expression in the skeletal muscles of
cold-exposed chickens, (ii) to study the eﬀect of cold-acclimation
on the metabolic ﬁber phenotype of typically fast-glycolytic (type
IIB) pectoralis muscles, and (iii) to compare avANT and avUCP
mRNA expression in control and cold-exposed chickens. Results
show that the cloned avPGC-1a cDNA encodes a 796 amino-
acid protein (GenBank Accession No. AB170013) showing
84% identity with rodent PGC-1a cDNA. Exposure of chickens
to a cold environment resulted in the prompt upregulation of
avPGC-1a expression, which preceded increments in avUCP
and avANT expression in skeletal muscle mitochondria. Consis-
tent with the morphological appearance of muscles, an increase
in the number of fast-oxidative-glycolytic (type IIA) ﬁbers in
the pectoralis muscle, which contains exclusively type IIB ﬁbers
in control chickens, was observed in cold-acclimated chickens.
These ﬁndings provide novel information about possible regula-
tory pathways in avian skeletal muscle during thermogenesis.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Puigserver et al. [1] cloned a novel transcriptional co-activa-
tor of nuclear receptors, peroxisome-proliferator-activated
receptor-c (PPAR-c) co-activator-1a (PGC-1a), from a brown
fat cDNA library, and demonstrated that PGC-1a mRNA
expression is markedly elevated in the skeletal muscle andAbbreviations: PGC-1, peroxisome-proliferator-activated receptor-c
co-activator-1; UCP, uncoupling protein; ANT, adenine nucleotide
translocator; DW, transmembrane electric potential diﬀerence
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doi:10.1016/j.febslet.2004.11.039brown fat of mice exposed to cold. More recently, Spiegel-
mans group [2] demonstrated that PGC-1a drives the forma-
tion of type I (slow-twitch) muscle ﬁbers. When PGC-1a is
expressed in transgenic mice via the actions of a muscle-speciﬁc
promoter, a ﬁber type conversion is observed: muscles nor-
mally rich in type II ﬁbers are redder than usual in color and
activate genes aﬀecting mitochondrial oxidative metabolism.
Holloszys group [3] also found that one exercise bout resulted
in signiﬁcant increases in PGC-1 mRNA and protein, suggest-
ing that increases in PGC-1 represent one of the key regulatory
components of the exercise-induced stimulation of mitochon-
drial biogenesis. These ﬁndings suggested that the PGC-1 tran-
script might have relevance to muscle ﬁber type transformation
and mitochondrial biogenesis in animals exposed to cold.
It is well established that bird species have no distinct stores
of brown adipose tissue (BAT) or a related type of thermo-
genic tissue [4,5]. Thermogenesis via environmental cold-in-
duced uncoupling in the skeletal muscle of birds (pigeon)
was described by Skulachevs group back in the early 1960s
[6,7]. There is evidence that non-shivering mechanisms associ-
ated with non-phosphorylating oxidation might play an
important role in birds during cold exposure, as in the case
of cold acclimated ducklings [8]. Studies of the PGC-1 tran-
script relevant to muscle ﬁber type transformation and mito-
chondrial biogenesis in chickens exposed to cold are of
particular interest because skeletal muscle tissue in chickens
is an important source of cold-induced thermogenesis. We re-
port here the identiﬁcation of a cDNA from chicken that en-
codes a protein highly homologous to mammalian PGC-1a.
We also describe alterations in the PGC-1a transcript of the
skeletal muscle of cold-exposed chickens, and the partial trans-
formation of chicken pectoralis muscle ﬁber-type distribution
from one that consists almost entirely of type IIB ﬁbers to
one containing a high proportion of type IIA ﬁbers in chickens
exposed to cold.
The induction of PGC-1a in BAT is due primarily to sympa-
thetic nervous system input through b-adrenergic receptors (b-
ARs) and the action of cAMP [1,9]. A potential pathway for
the b-adrenergic activation of UCP-1 gene expression in brown
adipocytes was proposed as follows [10]: b-AR agonists stimu-
late the generation of cAMP, which in turn activates protein
kinase, thereby phosphorylating cyclic AMP response element
binding protein (CREB). It was hypothesized that activated
CREB directly induces expression of PGC-1 and type II iodo-
thyronine deiodinase (DII). The resulting PGC-1 co-activates
transcription factors, such as PPAR-c, the retinoic acidlished by Elsevier B.V. All rights reserved.
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retinoid X receptor), assembled on the UCP-1 enhancer, thus
increasing UCP-1 gene expression.
It appears that transcriptional control by PGC-1a might be
common to the mechanisms by which cold exposure induces in-
creases in avUCP transcripts in skeletal muscles of chickens: in-
creases in both avUCP and avANT are involved in the adaptive
response to cold environments [11]. In this report, we also de-
scribe progressive alterations in the expression of genes encod-
ing mitochondrial uncoupling proteins – avUCP and avANT
(UCP) – in the skeletal muscle of cold-exposed chickens.2. Materials and methods
2.1. Experimental design and animals
Male white leghorn chicks (Julia) were obtained from a commercial
hatchery (Koiwai Farm, Ltd., Iwate, Japan) at 1 day of age. The chicks
were housed in electrically heated batteries and provided with water
and commercial starter diet ad libitum for 21 days. Birds to be used
in experiments were selected from a 2-fold larger population in order
to obtain uniform body weights; these birds were kept in wire bot-
tomed cages under conditions of controlled temperature (21 ± 1 C)
and continuous light for 6–7 days.
In the ﬁrst series of experiments, twelve 28-day-old chickens
(275 ± 20 g) were used for determination of the time course of plasma
glucose and non-esteriﬁed fatty acid (NEFA) concentrations. Six
chickens were transferred to a cold environment (4 C), while the
remainder were maintained at 21 C. Wing vein blood samples were ta-
ken at 0, 0.4, 1, 2, 4, and 7 days. Individual body weights and feed in-
takes were also recorded. In a second series of experiments, to clarify
the progressive alteration of skeletal muscle target mRNA expression,
25 randomly assigned chickens were maintained at 4 C for 0.4, 1, 2, 4,
or 7 days. A further 18 chickens were used to determine baseline values
at 0, 2 and 7 days. In a third series of experiments, four groups of 12
chickens (28-day-old, 275 ± 20 g) were used. One group was kept at 21
C for 2.5 days and a second group at 4 C for the same time, following
which muscle samples were taken for isolation of mitochondria and
estimation of mitochondrial membrane potential (DW). The remaining
two groups, maintained for 10 days at 4 and 21 C, respectively, were
used for analysis of ﬁber-type distribution in the pectoralis muscles. All
birds were provided with free access to food and water. They were
killed by decapitation and pectoralis muscles were excised quickly. This
method of killing was used in preference to overdose by general anes-
thetics, which are known to uncouple oxidative phosphorylation [12].
In the second series of experiments, the muscles were frozen, powdered
in liquid nitrogen, and stored at 80 C until required for extraction of
total RNA. For the isolation of mitochondria, muscles were placed in
ice-cold isolation buﬀer A (see below). For the analysis of ﬁber type
distribution, muscle samples containing the middle portion of whole
transverse sections were quickly frozen in a mixture of dry ice and ace-
tone. All experiments were performed in accordance with institutional
guidelines concerning the care and use of animals.
2.2. Blood glucose and NEFA analysis
Blood samples were centrifuged at 3000 rpm for 10 min. Plasma glu-
cose and NEFA concentrations were quantiﬁed using the Glucose
CII-test and NEFA C-test (Wako Pure Chemical Industries, Osaka,
Japan), respectively.Table 1
Sequences of oligonucleotide primers used for identiﬁcation of avian PGC-1
Primer Sense primer (50–30) A
No. 1 CCCTTgggATggCACACAATCCT C
No. 6 gACCAgCCTCTTTgCCCAgAT g
t730 gCACACAAAACCATgCgAACAC g
ATG ATggCgTgggACATgTgCAAC g
To prepare primers, the following sequence data from GenBank or U.D.ch
and ATG primers, Human PGC-1 (AH008808), mouse PGC-1 (AF049330), a
no. 1, the chicken PGC-1-like partial sequence from chickEST (pgp2n.pk002.3. cDNA cloning, real-time PCR and Nothern blotting
General methods. Standard molecular biology techniques were car-
ried out essentially as described by Sambrook et al. [13]. Tissues used
were homogenized in Trizol-Reagent (Invitrogen Gibco-BRL, Bethes-
da, MD, USA) and total RNA isolated according to the manufac-
turers protocol.
Cloning of avian PGC-1 cDNA using RT-PCR. For the cloning of
chicken cDNA homologous with mammalian PGC-1, total RNA
was extracted from the pectoralis muscles of 4-week-old chickens using
the same procedure described above. Poly(A)-RNA was isolated with
oligotex-dT30 super (TaKaRa, Kyoto, Japan) according to the manu-
facturers instructions. First strand cDNAs were synthesized using oli-
go(dT)12–18 primer and Superscript II (Invitrogen, San Diego, CA,
USA). Sense and antisense primers were designed from consensus re-
gions (Table 1) based on the previously reported PGC-1a cDNA se-
quences of human [14], mouse [1] and rat [15]. PCR was performed
for all possible combinations and annealing and extension performed
at 56–63 and 72 C, respectively, for 36 cycles. All PCR products were
subcloned into pBluescript II KS (+) (Toyobo, Osaka, Japan) or
pCR2.1(Invitrogen, San Diego, CA, USA).
The plasmid vectors were ampliﬁed after transformation into
Escherichia coli (DH5a). All cDNA clones were puriﬁed using a Qui-
agen plasmid kit according to the manufacturers instructions (Qui-
agen, Santa Clarita, CA) and sequenced using standard protocols
for the LI-COR Model 4000LS DNA sequencer with the T3 and
T7 promoter primers for pBluescript II KS (+) and M13 reverse
and T7 promoter primers for pCR2.1 until the sequence was deter-
mined on both strands.
Quantitation of PGC-1a and PPARc mRNA using real-time PCR. To
study the progressive alterations in the expression of avian PGC-1a
and PPARc, real-time reverse transcription-polymerase chain reaction
(RT-PCR) analysis was performed using the iCycler iQ Real Time
Detection System (BIO-RAD). Five micrograms of total RNA was re-
verse transcribed using oligo(dT)12–18 primer and Superscript II (Invit-
rogen, San Diego, CA, USA). One microliter of each RT-reaction
served as a template in a 50 ll PCR containing 2 mM MgCl2, 0.5
lM of each primer and 0.5X SYBR green master mix (Bio Whittake
Molecular Applications). After initial denaturation at 94 C for 3
min, reactions were cycled 36 times using the following parameters
for avPGC-1a detection: 94 C for 30 s, primer annealing at 60 C
for 60 s, and primer extension at 72 C for 60 s. SYBR green ﬂuores-
cence was detected at the end of each cycle to monitor the amount of
PCR product formed during that cycle. At the end of each run, melting
curve proﬁles were recorded. Oligonucleotide primers used are shown
in Table 2. The speciﬁcity of the ampliﬁcation product was further ver-
iﬁed by electrophoresis on a 0.8% agarose-gel following the check of
DNA sequence. Results are presented as the ratio of avPGC-1a and
PPARc to GAPDH to correct for diﬀerences in the amounts of tem-
plate DNA used.
Northern blot analysis. To examine changes in the expression levels
of avUCP, avANT and COXIII mRNAs in skeletal muscle tissue
over the time course of cold-acclimation, Northern blot analyses
were performed as described previously [11] with minor modiﬁca-
tions. Brieﬂy, total RNA was electrophoresed in a 1.0% agarose
gel containing formaldehyde, transferred to a Zeta-Probe membrane
(Bio-Rad Laboratories, Hercules CA) and UV cross-linked.
Low-stringency hybridization of the membrane was performed by
prehybridization for 3 h at 42 C in a solution of 25% (vol/vol)
formamide/4 · SSPE (1 · SSPE is 150 mM NaCl, 8.65 mM NaH2-
PO4, pH 7.4)/5 · Denharts solution (1Denharts solution is 0.02%
polyvinyl pyrrolidone/0.02% Ficol/0.02% bovine serum albumin)/1%
sodium dodecyl sulfate (SDS)/salmon sperm DNA (100 lg/ml).
The membrane was hybridized with the same solution at 55 C fora
ntisense primer (50–3 0) Flagmentsize (bp)
CgTgAggTATTCgCCATCCCTC 798
ATTgTgTgCCATCCCAAggg 1510
CCACCCAggTgAAgAATCC 761
TgTTCgCATggTTTTgTgTgC 895
ick EST (expression sequence tag) database were used. For no. 6, t730,
nd rat PGC-1 (AB025784) were obtained from GenBank. For primer
7.k12) was used.
Table 2
Sequences for real-time PCR primers
Gene Sense primer (50–3 0) Antisense primer (50–30) Fragment size (bp) GenBank Accession Number
avPGC-1a gACTCAggTgTCAATggAAgTg ATCAgAACAAgCCCTgTggT 271 AB170013
PPARc TACATAAAgTCCTTCCCgCTgACC TCCAgTgCgTTgAACTTCACAgC 470 AF163811
GAPDH AAgCgTGTTATCATCTCAgCTCC CgCATCAAAggTggAggAATggC 442 AF047874
M. Ueda et al. / FEBS Letters 579 (2005) 11–17 1316 h using probes labeled by random priming with [a-32P]dCTP
(3000 Ci mmol1) (Takara BcaBEST Labeling Kit), containing la-
beled fragments corresponding to the avUCP, avANT and COXIII
cDNA open reading frames. Hybridized RNA blots were washed
in a solution of 4 · SSC (1 · SSC is 150 mM NaCl, 15 mM sodium
citrate, pH 7.0)/0.1% SDS at RT for 5 min, in 4 · SSC/0.1% SDS at
55 C for 20 min, in 2 · SSC/0.1% SDS at 58 C for 20 min, and in
1 · SSC/0.1% SDS at 60 C for 20 min. The signals for avUCP, ade-
nine nucleotide translocator (avANT) and COXIII mRNA were de-
tected and quantiﬁed using a Molecular Imager FX (Bio-Rad
Laboratories, Hercules CA), which allows a direct counting of emit-
ted b-radiation by the 32P labeled cDNA probes hybridized to the
dotted target DNA. The blots were subsequently hybridized with
GAPDH cDNA probe to correct for diﬀerences in the amounts of
RNA loaded onto the gel.0.70
control
cold*
*Eq
/ l)2.4. Isolation of mitochondria and measurement of membrane potential
Muscle subsarcolemmal (SC) mitochondria were isolated from mus-
cle tissue according to the methods of Barre et al. [16]. Muscles were
trimmed of fat and connective tissue, blotted dry, weighed and then
minced with scissors. The minced tissue was suspended in ice-cold
buﬀer A (containing 100 mM sucrose, 50 mM tris (hydroxymethyl)
aminomethane (Tris) base, 5 mM MgCl2, 5 mM ethylene glycol-bis-
(b-aminoethylether)-N,N,N 0,N 0-tetraacetic acid (EGTA), and 100
mM KCl, pH 7.4) and homogenized with a Potter-Elvehjem homoge-
nizer (5 passages). The homogenate was then centrifuged at 800 · g for
10 min. The supernatant was centrifuged at 1000 · g for 10 min and
then 8700 · g for 10 min. The resulting pellet, containing SC mitochon-
dria, was suspended in buﬀer A and recentrifuged at 8700 · g for 10
min. On this occasion, the resulting pellet was resuspended in buﬀer
B (containing 250 mM sucrose, 20 mM Tris base, and 1 mM EGTA,
pH 7.4) and then washed by centrifugation at 8700 · g for 10 min.
The ﬁnal SC mitochondrial pellet was suspended in a minimal volume
of buﬀer B and kept on ice. All procedures were carried out at 4 C.
Mitochondrial membrane potential (DW) was semiquantitatively
determined using safranin O [17,18]. Emitted ﬂuorescence was mea-
sured on a Shimadzu RF-5300 ﬂuorometer at 586 nm (slit width of
1.5 nm) for an excitation light wavelength of 495 nm (slit width of
1.5 nm). The safranin/protein ratio was set to 10 nmol/mg protein,
which lies midway between 7 and 13 nmol/mg as shown by Holden
and Sze [19]. The suspension (1 mg mitochondrial protein/ml) was con-
stantly stirred at 37 C to evaluate relative diﬀerences in DW of SC
mitochondria between treatments as previously described [20,21].
BSA (f.c. 2 mg/ml) was injected into 2.0 ml of the assay medium con-
taining 250 mM sucrose, 10 mM MOPS, 1 mM EGTA, 5 mM ascor-
bate, 0.12 mM TMPD, 3 mM potassium phosphate, 2 lM rotenone
and oligomycin (1.5 lg/ml) to estimate the endogenous free-fatty acid
content, and an aliquot of lauric acid was subsequently added after the
BSA addition in order to determine the degree of uncoupling eﬀects via
anion carriers.day
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Fig. 1. Changes in plasma NEFA concentrations in control (s) or
cold-exposed (d) chickens over a 7-day period. *P < 0.05 compared
with control chickens at each period. Values are means ± S.D.
(represented by vertical bars) for 6 chickens per treatment.2.5. Muscle histochemistry
Serial cross-sections (10 lm thick) were cut on a cryostat. Fresh sec-
tions were stained for myosin adenosine triphosphatase (mATPase)
reactivity (preincubation at pH 4.3 and pH 10.6) and reduced nicotine
amide adenine dinucleotide tetrazolium reductase (NADH-TR) activ-
ity [22,23]. Myoﬁbers were classiﬁed as type I, IIA or IIB according
to the diﬀerences in mATPase and NADH-TR staining properties,
which correspond to slow-oxidative, fast-oxidative-glycolytic or fast-
glycolytic myoﬁber [24]. Digital images of preparations were captured
by a microscope color digitizing system (microscope: AX-70, Olympus
Co.; digital camera: HC-300, Fuji ﬁlm Co., LTD).2.6. Chemicals
Lauric acid, oligomycin, delipidized BSA and rotenone were pur-
chased from Sigma (Japan). EGTA and MOPS were obtained from
Dojindo (Japan) and Nacalai tesque (Japan), respectively.
2.7. Statistical analysis
Data were analyzed using the Statistical Analysis System [25].
Means within a group were compared using Duncans least signiﬁcance
multiple-range test for the results from mRNA expression analyses.
Diﬀerences between groups, such as comparisons of data from cold-
treated and control groups, were assessed by the Students t test for un-
paired data. All data are expressed in the form of mean ± standard
deviation (S.D.). Diﬀerences were considered signiﬁcant for values of
P < 0.05.3. Results
3.1. Body weight, plasma glucose and NEFA concentration
Body weights in control and cold-acclimated groups in-
creased: diﬀerences on the 4th day of feeding were found to
be signiﬁcant and become more pronounced on the 7th day
when body weight gain was 33% lower in the cold-acclimated
animals compared to control (control chickens, 441.7 ± 22.5 g;
cold-exposed chickens, 378.58 ± 25.6 g; P < 0.05). The feed in-
take of cold-exposed chickens tended to be lower early in the
experiment (0–2 days), while, on the whole, chicks in the
cold-exposed group ate more over the time course of the exper-
iment (0–7 days). As anticipated, feed eﬃciency was 32% lower
in the cold-treated group compared with the control group
after 10 days (0.258 ± 0.016 and 0.172 ± 0.032; P < 0.01).
Plasma NEFA concentrations increased rapidly to up to 2.6-
fold that of controls by day 2 of exposure to cold
(0.176 ± 0.048 mEq/l versus 0.460 ± 0.153 mEq/l, P < 0.01)
and returned to baseline by day 7 (Fig. 1). In contrast, no sig-
niﬁcant diﬀerences between the cold-treated and control
groups in relation to plasma glucose concentration were seen
at any time point in the experiment.
14 M. Ueda et al. / FEBS Letters 579 (2005) 11–173.2. Cloning of avian PGC-1a from chicken skeletal muscle
To study the transcriptional regulation of genes activated in
cold-exposed chickens, we ﬁrst identiﬁed a PGC-1 homolog in
cold-acclimated chicken muscle. The entire coding region
cloned by the combination of primer-sets speciﬁc for PGC-1
cDNA of human, mouse and rat is composed of 796 amino
acid residues (GenBank Accession No. AB170013). The avian
PGC-1 (avPGC-1) cDNA has amino acid identities of 86%,
84%, and 84% to the PGC-1a cDNA of human [14], mouse
[1], and rat [15] (GenBank Accessions AH008808, AF049330
and AB025784), respectively. The functional domains of the
PGC-1 families, SR domains (aa 573–597 and 618–630) and
RNA recognition motif (RRM) (aa 676–707), are also well
conserved (Fig. 2A).
3.3. Progressive alteration of mRNA expression of avPGC-1a
and PPARc measured using real-time PCR analysis
Expression levels of the two transcriptional regulator genes,
avPGC-1a and PPARc, in the skeletal muscle of cold-exposed
birds were analyzed by real-time PCR (Fig. 2B). Levels of
avPGC-1a mRNA were increased after 1 day of cold-exposure
and thereafter decreased gradually to reach day 0 levels at day
7. In contrast, PPARc expression did not undergo any signif-
icant change during this period.0
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Fig. 2. Structure of avian PGC-1a and alteration in the expression of
mRNA in chicken skeletal muscle during cold acclimation. (A)
Comparison of the functional domains of avPGC-1 with the PGC1
families: activation domain (blue), a LXXLL motif (red; aa 192–196),
three consensus sites for phosphorylating protein kinase A (purple: aa
142–146, 371–375 and 653–656), SR domains (orange: aa 573–597 and
618–630), and RNA binding domains (green: aa 676–707) are shown.
(B) Time course of the levels of avPGC-1a (-¤-) and PPARc (-h-)
transcripts in skeletal muscle in cold-exposed chicken. Values are
means S.D. for 4–5 chickens in each group. Real-time PCR was
performed using primers designed from the sequences registered in
GenBank. See Table 2 for details. Results were normalized to GAPDH
mRNA levels and are shown as values relative to the zero-time
baseline. a,b,cP < 0.05 compared with baseline mRNA levels for each.
PRC: PGC-1-related coactivator.3.4. Progressive alteration in the expression of avUCP, avANT
and COXIII mRNAs as determined by Northern blot analysis
Fig. 3 shows cold-induced alterations in mRNA expression
levels of avUCP avANT and COXIII mRNA in the pectoralis
muscle as quantiﬁed by scanning photodensitometry of signals
from Northern blot analysis and normalized using correspond-
ing GAPDH mRNA expression. Levels of both avUCP and
avANT mRNA were increased after 2 days of cold-exposure
and thereafter decreased gradually but remained signiﬁcantly
higher even at day 7 compared to day 0 levels (Fig. 3A).
avUCP mRNA expression levels for cold-exposed groups were
1.7- and 1.6-fold greater than that for control groups at days 2
and 7, respectively, while avANT mRNA levels in the cold-ex-
posed groups were 1.6-fold greater than control for these same
time points (Fig. 3B). In contrast, COXIII mRNA was not sig-
niﬁcantly changed by exposure of birds to cold temperatures
(Fig. 3A).
3.5. Eﬀect of cold exposure on energy coupling in skeletal muscle
mitochondria
Fig. 3 shows typical changes to DW values of skeletal muscle
mitochondria isolated from control chicks (Fig. 4, left) in re-
sponse to a recoupler (BSA) and an uncoupler (laurate): DW
was increased by exposure of mitochondria to BSA, as shown
by the decrease in ﬂuorescence intensity, and then dissipated
by subsequent additions of laurate. In comparison with theA
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Fig. 3. Progressive alteration in the expression of mRNAs for avUCP
and avANT in chicken skeletal muscle during cold acclimation. Values
are means ± S.D. for 4–5 chickens in each group. (A) Time course of
the levels of avUCP (-¤-), avANT (-d-) and COXIII (-m-) transcripts
in the skeletal muscle of cold-exposed chicken. Northern blot analyses
of RNA (30 lg/lane) from pectoralis muscles were performed by
hybridization with the probes for avUCP, avANT and COXIII as
described in Section 2. Blots were subsequently hybridized with a
GAPDH cDNA probe to correct for diﬀerences in the amount of RNA
loaded onto the gel. Values at the zero-time baseline are normalized to
arbitrary units. a,b,cP < 0.05 compared with the mRNA levels at the
baseline for each. (B) Comparison of avUCP and avANT mRNA
expression between control and cold-exposed groups over a 2 or 7-day
period. *P < 0.05 for cold-exposed group vs. control group.
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M. Ueda et al. / FEBS Letters 579 (2005) 11–17 15control group, the mitochondrial membrane potential in cold-
exposed chickens (Fig. 4, right), 12 hour after the highest
avUCP and avANT mRNA expressions had been recorded,
exhibited (i) a stronger rise in recoupling after an initial expo-Fig. 5. Morphological and histochemical properties of pectoralis
muscles of cold-exposed chickens over a 10-day period (4 C). (A)
Morphology of dissected pectoralis muscles from control (left) and
cold-acclimated (right) birds. (B) Metabolic-based myoﬁber types
present in pectoralis muscle from control and cold-acclimated chick-
ens. NADH-TR activity and myosin ATPase reactions after preincu-
bation at pH 4.3 and at pH 10.5 are shown. Arrowheads indicate the
cell whose myoﬁber type is shifting from IIB to IIA.sure to BSA and (ii) a heightened sensitivity of DW to laurate.
In both cases, DW was completely dissipated by the addition of
5 lM CCCP after a second exposure to BSA (data not shown).
3.6. Partial conversion of myoﬁber type in cold-acclimated
chicken by histochemical analysis
From a gross morphological perspective, the pectoralis mus-
cles in chickens exposed to cold (4 C) for a 10-day period
showed a heightened red coloration that is characteristic of
muscles possessing an oxidative form of metabolism; in con-
trast, muscles from control birds were paler in appearance
(Fig. 5A). Consistent with the change in morphological
appearance, type IIA myoﬁbers exhibiting strong NADH-TR
activity were identiﬁed in the pectoralis muscles of cold-ex-
posed chickens (percentages of type IIA myoﬁbers: control
chickens, 0%; cold-exposed chickens, 15.2 ± 4.2%; P < 0.05),
which contrasts with the presence of type IIB myoﬁbers only
in the muscles of control chickens (percentages of type IIB
myoﬁbers: 100% and 84.8 ± 4.2%; P < 0.05; Fig. 5B).4. Discussion
PGC-1a is a recently discovered nuclear-encoded transcrip-
tional coactivator that plays a pivotal role in glucose metabo-
lism, mitochondrial biogenesis, muscle ﬁber specialization, and
adaptive thermogenesis [26,2,27]. PGC-1a was originally
cloned from brown adipose tissue on the basis of its interaction
with PPARc [1]. The avPGC1a cloned here from chicken skel-
etal muscle, unlike the subfamily of PGC-1a, PGC-1b [28] or
PGC-1-related coactivator (PRC) [29], includes motifs speciﬁc
to PGC-1a in similar positions as described in the following
(Fig. 2A): An activation domain, including the LXXLL motif
(aa 142–146), which is common to PRC, and three consensus
sites for phosphorylation by protein kinase A (aa 237–240,
371–375, and 653–656) are well conserved; in contrast the argi-
nine of codon 173 and the alanine of codon 329 in the mouse
and rat PGC-1a are deleted in bird. The quantitative real-time
PCR analyses revealed that the avPGC-1a transcript increased
in chicken skeletal muscle from 0.4 to 1–2 day after cold expo-
sure (Fig. 2B). Importantly, the expression of PGC-1a in skel-
etal muscle in vivo via a transgene triggers the conversion of
type II muscle ﬁbers to type I ﬁbers, as evidenced by mitochon-
drial biogenesis and the expression of myoﬁbrillar proteins
16 M. Ueda et al. / FEBS Letters 579 (2005) 11–17characteristic of slow-twitch muscle [2,30]. Therefore, the ﬁber
type distribution of the pectoralis muscle, which normally con-
tains mostly type IIB ﬁbers, was evaluated to determine
whether, as speculated, the enhanced expression of PGC-la
in cold-exposed chickens might lead to the conversion of type
IIB muscle ﬁbers to another ﬁber type. Consistent with mor-
phological changes in appearance, type IIA muscle ﬁbers, reac-
tive for NADH-TR and for alkaline-incubated mATPase, but
not for acid-incubated mATPase, were clearly evident in the
M. pectoralis of cold-exposed chickens, a muscle group con-
taining exclusively type IIB ﬁbers in control chickens (Fig.
5B). These results indicate that cold exposure induces a change
in ﬁber type distribution, probably driven by PGC-1a, but
does not completely convert all ﬁbers. This latter observation
suggests that cold exposure inﬂuences ﬁber phenotype via sig-
nals other than PGC-1a. In this regard, the ﬁber type conver-
sion shown here is similar to what has been observed with
calcineurin [31] and PGC-1a [2], transgenics and exercise [32].
The results of the Northern blot analysis revealed that
avUCP and avANT transcript levels concomitantly increased
from days 1 to 2, and then decreased slightly over the next 5
days, but remained higher than control values (Fig. 3A and
B). These results conﬁrm our previous observations [11], indi-
cating that a 10–12 days period of acclimation of chickens to
5 C resulted in 1.5- and 2.0-fold increases in avUCP and
avANT expression levels in skeletal (pectoralis) muscle, respec-
tively, and extend these ﬁndings to include expression changes
occurring much earlier in the cold acclimation period. Thus,
cold exposure results in a prompt induction of PGC-1a expres-
sion, which precedes increments in avUCP and avANT expres-
sion for skeletal muscle mitochondria. When expressed in
white fat cells, PGC-1a activates a broad program of adaptive
thermogenesis characteristic of brown fat cells [1]. This is char-
acterized by mitochondrial biogenesis and the induction of
UCP1, resulting in elevated cellular respiration. PGC-1a
expression in muscle cells also leads to an elevated expression
of UCP2 [33]. Taken together, the ﬁndings of Spiegelmans
group and by us imply that PGC-1a mRNA in skeletal muscle
may be important in coordinating the expression of mitochon-
drial uncoupling protein in response to cold exposure. How-
ever, at day 7 the level of avUCP was slightly but
signiﬁcantly higher in cold-exposed chickens compared to con-
trols, while avPGC-1a mRNA abundance was similar between
the two groups. The ﬁndings could be associated with bidirec-
tional pathways regulated by thyroid hormone whose status
directly aﬀects UCP expression [34,35], and/or which increases
PGC-1a expression and protein stability via posttranslational
phosphorylation events [36]. A recent study showed that
cold-exposure induced avUCP mRNA and increased the plas-
ma T3 concentration in chicks [37]. We do not know at this
stage what cold-exposure directly activates in order to increase
avUCP or avANT gene expression. Further studies into the
regulatory events in which thyroid hormone and/or PGC-1a
are involved are required.
Cold-induced uncoupling in bird (pigeon) skeletal muscles
was described by Skulachevs group more than 40 years ago
[6,7], and evidence exists that non-shivering mechanisms associ-
ated with non-phosphorylating oxidation might play an impor-
tant role in birds during cold exposure, as in the case of cold
acclimated ducklings [8]. Even so, no bird species thus far stud-
ied have been shown to possess distinct stores of BAT or a re-
lated type of thermogenic tissue [4,5]. However, the relativelyincreased expression of avUCP in cold-acclimated ducklings
has been demonstrated [38], along with an increase of avANT
and avUCP mRNA levels in the skeletal muscle of cold-accli-
mated chickens (4–6 C for 10–12 days) [11]. The present data
demonstrate that avUCP expression in the skeletal muscle of
cold-exposed chickens initially increased signiﬁcantly and then
decreased slightly, but, unlike UCP3 in rodent skeletal muscle,
remained above basal levels (Fig. 3A andB). There are both sim-
ilarities and diﬀerences between rodents and birds in the expres-
sion of UCP in the skeletal muscle. Lin et al. [39] showed that
UCP3 mRNA levels in both slow-twitch soleus and fast-twitch
EDL muscles were increased transiently, peaked 1 day after
the onset of cold exposure, and then decreased to basal levels
or lower. Though the period of cold exposure seems to be amore
critical factor for the gene regulation of UCPs in rodent skeletal
muscle, the fact that the rodentmuscles usedmaybe amixture of
type I, IIB and IIA ﬁbers allows us to postulate that mitochon-
drial anion carrier expression is diﬀerently regulated inmuscle of
diﬀerent ﬁber type distribution.
An important question raised by these results relates to the
metabolic link between uncoupling and coupling action. We
found that the mitochondria from chicken skeletal muscle sub-
jected to 2.5 days of cold-exposure exhibited increased uncou-
pling by both endogenous and exogenous fatty acids (Fig. 4).
We previously also showed that cold acclimation (4–6 C,
10–12 days) not only induced fatty acid-mediated uncoupling
of mitochondrial oxidative phosphorylation processes, but
also increased the rates of state 3 respiration and ATP synthe-
sis in the SC mitochondria of chicken skeletal muscle [11].
Although the occurrence of both processes in the mitochondria
in response to cold exposure seems to be counterproductive,
the availability of regulatory nutrients may be a crucial factor
during avian thermogenesis. Fatty acids could be a candidate
to explain this point as shown by transient increase in plasma
NEFA concentration after cold exposure started: an increase
in fatty acid supply to cold-acclimated skeletal muscles may
contribute to thermogenesis by uncoupling mitochondrial oxi-
dative phosphorylation processes [8,40–42]. We do not know
exactly how or when both reactions in the skeletal muscle
mitochondria of cold-exposed chickens might begin acting in
concert with each other. Even though this question is periphe-
ral to the purpose of the present study, it is potentially interest-
ing and is worth pursuing in a follow-up investigation. In this
way, skeletal muscle tissue, not only in birds but also in large
mammals whose BAT decreases with development, may be an
important source of cold-induced thermogenesis [43].Acknowledgement: This work was supported by a Grant-in-Aid (Nos.
15580244 and 15208026) for Scientiﬁc Research from the Ministry of
Education, Science, and Culture of Japan.References
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